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INTRODUCTION 


Much  attention  hau  recently  been  fccueed  on  the  understanding 
ot  the  delaninatlon  behavior  ot  composite  materials,  composite 
delamination  is  a  potential  failure  mode  at  ply  drop-offs,  edges, 
holes,  and  in  the  area  ot  impact  damage.  Therefore,  the 
delamination  problem  must  be  well  understood  before  safe  and 
efficient  composite  structures  can  be  designed.  One  approach  to 
understanding  this  problem  is  to  characterise  the  interlaminar 
fracture  toughness  of  the  composite's  matrix  material.  Because 
delamination  is  a  cracking  problem,  it  is  natural  to  describe  the 
Phenomenon  in  terms  of  fracture  mechanics.  The  double  cantilever 
beam  (OCB)  specimen  is  a  popular  specimen  for  the  determination  of 
the  opening  mode  interlaminar  fracture  toughness.  However  many 
tests  using  the  DCB  specimen  are  plagued  by  ■  fiber  bridging.”  Fiber 
bridging  occurs  when  fibers  are  pulled  from  one  side  of  the 
delamination  plane  to  the  other.  (This  will  be  discussed  later  in 
bore  detail.,  Bridging  results  in  the  observed  fracture  toughness 
being  higher  than  for  delamination  through  the  mat;ix  material 
hione.  The  increase  in  fracture  energy  is  required  to  debond  the 

rta-e  area  of  the  bridged  fibers  and  to  eventually  fracture 
the  bridged  fibers. 


The  fiber  bridging  effect  on  the  interlaminar  fracture 
toughness  may  be  looked  upon  in  two  ways.  The  first  viewpoint  is 
that  the  high  toughness  values  that  result  from  bridging  may  be 
representative  of  the  actual  structure  if  bridging  is  likely  to 
occur  in  the  structure,  m  application  higher  toughness  is 


desirable  even  if  it  is  achieved  by  fiber  bridging.  However,  these 
toughness  values  may  be  unconservative  if  the  expected  bridging  in 
the  structure  fails  to  occur.  The  second  viewpoint  is  that 
bridging  is  undesirable  when  one  is  trying  to  determine  the  in  situ 
fracture  toughness  of  a  composite  matrix  material,  in  order  to 
understand  the  relationship  between  matrix  toughness  and  composite 
toughness,  the  fiber  bridging  needs  to  be  suppressed. 

The  purpose  of  this  study  is  to  (1)  investigate  ways  of 
eliminating  fiber  bridging,  or  at  least  reducing  its  effect  and  (2) 
look  for  alternative  ways  to  determine  in  situ  mode  I  toughness 
values  of  matrix  materials  used  in  composite  laminates  subject  to 
fiber  bridging. 

APPROACH 


Usually  fiber  bridging  has  been  attributed  to  "nesting"  of  the 
fibers  and  to  weak  fiber/matrix  interfaces.  Nesting,  as  shown 
schematically  in  Fig.  i,  is  common  in  unidirectional  lay-ups  where 
fibers  migrate  during  the  pressure/temperature  cure  cycle.  Where 
nesting  occurs  there  is  no  clear  line  (or  plane)  for  delamination. 


delamination  wandering  among  the  fibers. 


the  result  of 

the 

Aocessioa  for 

SlIS  ORA&I 
OTIC  IA8 
Unamioxi*c8(J 
Just  lipUetlan- 

C!f 

n 

□ 

_ ^ _ - 

Distributloia/ 

Availability  Codes 

fist 


I  . 

I 


Special 

I 


This  investigation  will  focus  on  T6C/Hx205*  composite  material 
The  HX205  base  resin  is  a  standard  bisphenol  A  diglycidyl  ether 
modified  with  an  epoxy  novolac  and  chain  extended  with  additional 
bisphenols.  The  Hx205  was  chosen  for  this  study  because  it  has 
relatively  high  toughness  and  its  toughness  has  been  well 
characterized  [1]. 

In  this  paper  the  extent  of  fiber  bridging  and  the  resulting 
effect  on  toughness  will  be  compared  for  specimen  lay-ups  conducive 
to  fiber  nesting  and  those  that  will  not  result  in  fiber  nesting. 
The  effect  (or  extent)  of  fiber  bridging  will  be  inferred  from  the 
measured  (mode  I  critical  strain-energy-release-rate)  versus 
delamination  length  data.  Any  increase  in  Gjc  with  delamination 
length  will  be  attributed  to  bridging  effects. 

Chai  [2]  has  shown  that  for  BP907  matrix  material,  the 
interlaminar  fracture  toughness  (Gjc)  of  the  composite  is 
approximately  equal  to  the  toughness  of  =*.  BP907  adhesive  bondline  of 
thickness  less  than  0.04  mm  (0.0015  in.).  This  same  approach  will 
be  used  herein  to  evaluate  the  toughness  of  Hx205  used  as  an 
adhesive. 


*  T6C/HX205  prepreg  was  supplied  by  Hexcel  Corp. ,  Dublin,  CA. 
The  fibers  are  Celion  6000. 


SPECIMENS 


Three  groups  of  DCB  specimens  were  fabricated  and  tested  to 
evaluate  the  mode  I  interlaminar  toughness  and  fiber  bridging  of 
T6C/HX205  composites.  The  composite  panels  had  a  fiber  volume 
fraction  of  0.65.  All  specimens  were  300  mm  long  and  25.4  mm  wide. 
Each  specimen  was  12  plies  thick  with  a  50.8  mm  length  of  folded 
0.0127  mm  thick  teflon  at  the  midplane  on  one  end  as  shown  in  Fig. 

3.  The  0.02 54 -mm  thickness  of  the  folded  teflon  is  sufficiently 
thin  to  serve  as  a  good  crack  starter.  The  6  plies  on  either  side 
of  the  midplane  were  unidirectional;  however,  the  top  laminate  plate 
and  the  bottom  plate  were  laid  at  small  angles  to  each  other.  Three 
angles  were  chosen  for  testing:  0,  1.5,  and  3  degrees.  The  angles 
of  1.5  and  3  degrees  were  intended  to  avoid  nesting  of  fibers  along 
the  mid-plane  but  still  be  small  enough  to  avoid  twisting  of  the 
adherends  upon  loading. 

An  adhesively  bonded  joint  using  Hx205  as  the  adhesive  was  also 
fabricated  and  tested.  Aluminum  adherends  6.35  mm  thick  were  used. 
The  aluminum  surfaces  were  treated  by  a  chromic  acid  stch  and  then 
bonded  immediately.  Teflon  film  (0.0127  mm  thick)  was  doubled  and 
placed  between  the  adherends  to  serve  as  a  debond  starter  on  one  end 
and  for  thickness  control  on  both  ends,  thus  assuring  a  0.0254 
(0.001  inch)  thick  bondline  as  shown  in  Fig.  4. 


Both  the  cowposite  and  the  aluminum  specimen  types  used 
adhesively  bonded  steel  hinges  to  transmit  load  into  the  specimens 
as  shown  in  Figs.  3  and  4.  For  the  aluminum  specimens  two  small 
bolts  were  used  on  each  hinged  tab  to  provide  additional  peel 
strength. 


TESTING  PROCEDURES 

The  DCB  specimens  were  tested  under  displacement  control  in  a 
servo-electric-hydraulic  testing  machine.  The  displacement  rate  was 
approximately  2  mm  per  minute.  The  applied  displacements  and  loads 
were  recorded  on  an  x-y  plotter.  The  applied  displacement  was 
increased  until  a  noticeable  drop  in  lo&d  occurred  (usually  between 
5  to  25  percent  of  the  maximum  load) ,  indicating  crack  growth.  The 
displacement  was  then  returned  to  zero. 

Both  edges  of  the  specimens  were  painted  with  a  brittle  white 
coating  to  aid  in  locating  the  delamination  or  debond  crack  front. 

A  low  cyclic  level  of  displacement  was  used  to  pause  the  crack  front 
to  open  and  close  at  approximately  2  Hz  to  help  locate  the  crack 
tip.  The  crack  front  was  marked  and  measured  on  both  sides  of  the 
specimen  before  and  after  each  static  crack  advance. 
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ANALYSIS 


Load-displacement  records  were  obtained  for  each  static  load 
fracture  test.  The  loading  and  unloading  compliance  of  the  specimen 
was  calculated  for  each  crack  extension  test  and  the  crack  length 
was  recorded.  The  total  mode  I  strain-energy-release-rate,  was 

calculated  from 

Gic  =  Pcr^/2B  dC/da 


where 

Per  «  critical  load  for  crack  extension 
B  =  specimen  width 
C  =  compliance 
a  =  crack  length. 

Further  details  about  analysis  of  DCB  data  are  presented  in 
ref.  [3]. 
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RESULTS  AND  DISCUSSION 


The  results  from  the  three  T6C/Hx205  delamination  specimen 
types  (0,  1.5,  and  3.0  degrees)  and  the  aluminum  adherend  specimen 
are  plotted  on  Fig.  5.  The  initial  toughness  values  for  the 
delaminat ion  tests,  for  the  most  part,  are  between  350  and  450  J/m^. 
(Hunston  [5]  reported  average  interlaminar  toughness  values  of  380 
J/m2  for  Hx205.)  The  values  of  Gjc  rapidly  increase  with  crack 
length  for  the  0  degree  specimens  up  to  values  of  1000  J/m^  and 
above.  The  lines  shown  in  Fig.  5  are  the  average  response  for  two 
replicate  delamination  tests.  The  toughness  of  the  i.5  and  3.0 
degree  specimens  also  show  Gjc  increases  with  crack  lengtr. 

However,  their  values  level  off  at  approximately  650  J/m^,  which  is 
significantly  less  than  that  of  the  0  degree  specimens. 

The  increase  in  G;£j.  with  increasing  crack  length  is 
attributed  to  fiber  bridging.  A  typical  view  of  fiber  bridging  in 
the  0  degree  specimen  is  shown  in  Fig.  6.  Although  fiber  bridging 
was  still  evident  in  the  1.5  and  3  degree  specimens,  the  density 
(niunber  of  fibers  bridged  per  unit  area)  was  noticeably  less  than  in 
the  0  degree  case.  Less  bridging  of  the  1.5  and  3.0  degree 

I 

specimens  resulted  in  the  lower  toughness  plateaus  shown  in  Fig.  5. 
Interestingly,  fiber  bridging  and  toughness  increases  with  crack 
length  were  found  even  in  those  layups  where  fiber  nesting  was 
probably  not  a  factor.  In  so  far  as  trying  to  surpress  the  effects 
of  fiber  bridgiiig,  reducing  the  plateau  toughness  level  by  a  factor 
of  threv-  is  encouraging.  However,  the  plateau  toughness  is  still  50 
percent  higher  than  the  matrix  value  prior  to  fiber  bridging. 
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The  observed  decrease  in  the  toughness  plateau  between  the  0 
degree  and  the  1.5  and  3.0  degree  specimens  can  probably  be 
attributed  to  the  decrease  in  fiber  bridging  due  to  nesting. 

However,  some  other  mechanism  may  be  causing  the  smaller  amount  of 
bridging  associated  with  the  1.5  and  3.0  degree  specimens.  Either 
weak  fiber/matrix  interfaces  or  large  crack  tip  yield  zones  could 
cause  fiber  bridging. 

Microscopic  examination  of  the  delamination  failure  surfaces 
revealed  that  the  failures  were  in  the  matrix  material  and  not  at 
the  fiber/matrix  interfaces.  Therefore  it  seems  unlikely  that  fiber 
bridging  resulted  from  weak  interfaces  in  this  case. 

Bradley  and  Cohen  [4]  suggested  that  a  tougher  resin  matrix  may 
have  a  plastic  zone  at  the  crack  tip  that  extends  into  several  plies 
on  either  side  of  the  delamination  plane.  This  zone  represents  an 
area  of  high,  nearly  uniform  stress  in  the  matrix.  Therefore  if  an 
area  of  weakness  (e.g.,  void,  defect,  poor  fiber/matrix  bond)  occurs 
within  this  zone  in  a  ply  above  or  below  the  original  delamination 
plane,  the  weak  area  may  delaminate  and  grow.  (Reference  4  contains 
a  number  of  micrographs  illustrating  this  behavior.)  Thus  a  parallel 
delamination  may  develop  In  a  plane  above  or  below  the  initial  one. 
This  new  delamination  may  actually  grow  ahead  of  the  original  and 
become  the  dominant  crack,  thus  causing  the  fibers  to  bridge  as 
shown  in  Fig.  7,  The  tougher  the  matrix  the  larger  this  plastic  (or 
deformation)  zone.  Therefore,  this  mechanism  for  fiber  bridging  is 
more  likely  to  occur  for  tougher  resin  matrices. 
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As  shown  in  Pig.  5,  the  Hlc205  adhesive  specimen  with  the 
aluminum  adherends  gave  rather  constant  toughness  values  with 
Increasing  orach  length.  The  average  toughness  value  was  432  J/m^ 
tor  the  0.0254  mm  thick  Hk205  adhesive  bondline.  The  failures  within 
the  adhesive  were  uniformly  cohesive.  The  toughness  values  obtained 
from  the  thin  bondline  specimen  are  assumed  to  represent  the  in  situ 
toughness  of  the  composite  matrix.  Further,  these  toughness  values 
are  nearly  equal  to  the  first  toughness  values  found  in  each 
composite  specimen  before  fiber  bridging.  The  matrix  toughness 
values  found  in  the  composite  specimens  prior  to  fiber  bridging  are 
also  considered  to  be  the  in  situ  matrix  toughness. 


These  tests  results  are  significant  because  they  indicate  that 
a  thin  bondline  of  a  resin  can  be  used  to  measure  what  the  in  .situ 
fracture  toughness  of  that  resin  would  be  when  used  as  a  composite 
matrix  material.  This  technique  requires  only  a  small  amount  of 
resin  and  does  not  require  the  actual  fabrication  of  a  composite 
laminate.  This  technique  could  be  extremely  useful  when  screening  a 
number  of  new  resins  for  potential  composites  applications. 

Hunston  [5]  has  reported  toughness  values  of  230  J/m2  for  neat 
resin  specimens  of  Hx205.  The  thicknesses  of  the  compact  specimens 
used  by  Hunston  were  such  that  plane  strain  conditions  existed.  The 
reason  why  the  neat  resin  toughness  is  about  half  the  in  situ  value 
is  not  clear  at  this  time.  The  difference  in  toughness  nay,  for 

example,  be  due  to  differences  in  molecular  structure  or  in  stress 
states  at  the  crack  tip. 
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The  presented  test  results  suggest  two  possible  approaches  for 
detennining  the  mode  I  interlaminar  fracture  toughness  of  a 
composite  matrix  material  used  in  a  composite  system  prone  to  fiber 
Lvidging:  (1)  in  a  composite  specimen,  use  only  the  first  few 

values  of  toughness  obtained  ahead  of  a  very  thin  starter  strip 
(i.e.,  0.0254  mm  thick  teflon)  prior  to  fiber  bridging  effects;  or 
(2)  In  a  bonded  joint  specimen,  use  the  matrix  material  as  a  very 
thin  adhesive  bondline  (i.e.,  t  <  0.03  mm)  and  test  for  fracture 

toughness.  The  latter  approach  seems  reasonable  for  the  presented 
results  and  for  those  of  Chai  [2]. 

CONCLUSIONS 


The  purpose  of  this  study  was  to  (1)  investigate  ways  of 
eliminating  fiber  bridging  or  at  least  reducing  its  effect  and  (2) 
look  for  alternative  ways  to  determine  the  in  situ  mode  I  fracture 
toughness  values  of  composite  matrix  materials.  Toward  this  end 
double  cantilever  beam  specimens  were  made  using  unidirectional 
lay-ups  of  T6C/HX205  composite  materials  in  which  the  delaminating 
halves  were  placed  at  angles  of  0,  1.5,  and  3  degrees  to  each  other. 
The  small  non-zero  angles  between  the  delaminating  plies  were  used 
to  avoid  fiber  nesting  without  significantly  affecting  the  mode  I 
behavior.  A  starter  delamination  was  introduced  by  using  a  thin 
teflon  insert.  Double  cantile/er  beam  specimens  were  also 
fabricated  with  a  0.0254  mm  thick  bondline  of  Hx205  resin  between 

aluminum  adherends  and  tested.  This  study  resulted  in  the  following 
conclusions: 
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o  The  extent  to  which  fiber  bridging  and  interlaiainar  toughness 
increase  with  crack  length  can  be  reduced  by  slight  cross 
plying  at  the  delamination  plane  to  reduce  fiber  nesting. 

o  Some  fiber  bridging  may  occur  even  in  the  absence  of  fiber 
nesting. 

o  The  first  values  of  toughness  measured  ahead  of  the  thin  teflon 
insert  were  about  the  same  for  each  of  the  three  delamination 
specimen  types  (0,1.5,  and  3  degrees)  tested.  These  values 
(350-450  J/m2)  appear  to  represent  a  characteristic  in  situ 
toughness  for  the  matrix  material.  However,  these  toughness 
values  are  higher  than  those  from  neat  resin  specimens  (230 
J/m2). 

o  The  thin  (0.0254  mm)  adhesive  bondline  of  matrix  material 
appears  to  give  toughness  values  equal  to  the  interlaminar 
toughness  of  the  composite  matrix  without  fiber  bridging. 
Therefore  the  thin  adhesive  bondline  specimen  is  a  very 
attractive  alternative  for  determining  the  interlaminar 
fracture  toughness  of  a  matrix  material. 


n 


REFERENCES 


[1]  Johnson,  W.  s.  and  Mangalgiri,  P.  D. , "influence  of  the  Resin  on 
Interlaminar  Mixed-Mode  Fracture",  NASA  TM  87571,  Washington 
D.C.,  July  1985,  (to  appear  in  ASTM  STP  XXX,  Toughened 
Composites.  1987.) 

[2]  Chai,  H.,  "On  the  Bond  Thickness  Effect  in  Adhesive  Joints  and 
Its  Significance  to  Mode  I  Interlaminar  Fracture" . Compos i te 
Materials;  Testing  and  Design  (Seventh  Conferep<7e)  ;  astm  STP 
893,  J.  m.  Whitney, Ed.,  .\merican  Society  of  Testing  and 
Materials,  Philadelphia,  1986,  pp. 209-231. 

[3]  Wilkins,  D.  J.,  Eisenmann,  J.  R. ,  Cawin,R.  A.,  Margolis,  W.  S., 
and  Benson,  R.  A.,  "Characterizing  Delamination  Growth  in 
Graphite  Epoxy",  Damage  in  Composite  Materials^  ASTM  STP  775, 

K.  L.  Reifsnider,  Ed.,  American  Society  of  Testing  and 
Materials,  Philadelphia,  1981,  pp. 168-183. 

[4]  Bradley,  W.  L.  and  Cohen,  R.  N.,  "Matrix  Deformation  and 
Fracture  in  Graphite  Reinforced  Epoxies",  Dalami' nation  and 
Debondinq  of  Mgterja.s,  ASTM  STP  876,  W.  S.  Johnson,  Ed., 

American  Society  of  Testing  and  Materials,  Philadelphia,  1985, 
pp. 389-410. 

[5]  Hunston,  D.  L. ,  "Composite  Interlaminar  Fracture;  Effect  of 
Matrix  Fracture  Energy",  gaBBaaites  Technology  Bevieu.  Vol.6, 

No.  4,  Winter  1984,  pp. 176-180. 


12 


unidirectional  laminate. 


Figure 


Figure  4  -  Double  cantilever  beam  specimen  with  Hx205  resin  used  as  an 
adhesive  between  aluminum  adherends. 
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Figure  5  -  Mode  I  fracture  toughness  versus  crack  length  for  double 
cantilever  beam  specimens. 


Figure  6  -  Fiber  bridging  in  the  0*  layup  T6C/Hx205  double  cantilever  beam 
specimen.  Notice  that  fibers  are  bridging  from  top  to  bottom 
and  bottom  to  top. 
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ing;  Some  fiber  bridging  may  occur  even  in  the  absence  of  fiber  resting;  The 
first  values  of  toughness  measured  ahead  of  the  thin  teflon  ins- rt  were  observ¬ 
ed  to  be  very  close  to  the  toughness  of  the  matrix  material  with  no  fiber 
bridging;  Thin  (0.0254  mm)  adhesive  bondline  of  matrix  material  appears  to  give 
toughness  values  equal  to  the  interlaminar  toughness  of  the  composite  matrix 
without  fiber  bridging. 
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Interlaminar  fracture  toughness 
Fiber  bridging 

Double  cantilever  beam  specimen 
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